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The Jiaodong gold deposits are currently the most important gold resources (with Au reserves of
>4000 t) in China, and the leading gold-producing country globally (with Au production of w428 t in
2013). Jiaodong is also considered as perhaps the only world-class to giant gold accumulation on the
planet where relatively young gold ores (ca. 130e120 Ma) were deposited in rocks that are 2 Ga older.
The Xincheng world-class high-grade gold deposit, with a proven reserve of >200 t gold, is one of the
largest deposits in the giant gold province of the Jiaodong Peninsula. It is located in the northwestern
part of the Jiaobei Uplift, and hosted by ca. 132e123 Ma Xincheng quartz monzonites and monzogranites.
Ore zones are structurally controlled by the NE-trending and NW-dipping Jiaojia Fault and subsidiary
faults, and are mainly restricted to the footwall of the fault. The dominant disseminated- and stockwork-
style ores are associated with strong sericitization, siliciﬁcation, sulﬁdation and K-feldspathization, and
minor carbonate wallrock alteration halos. The four mineralization stages are pyriteequartzesericite
(stage 1), quartzepyrite (stage 2), quartzepolysulﬁde (stage 3) and quartzecarbonate (stage 4). Gold
occurs dominantly as electrum, with lesser amounts of sulﬁde-hosted native gold and rare native silver
and argentite, normally associated with pyrite, chalcopyrite, galena and sphalerite: the latter with proven
resources of about 105 t Ag, 713 t Cu, and 5100 t S.
There are three types of ore-related ﬂuid inclusions: type 1 aqueous-carbonate (H2OeCO2), type 2
aqueous (liquid H2O þ vapor H2O), and type 3 CO2 (liquid CO2 and vapor CO2) inclusions. Homogeni-
zation temperatures range from 221 to 304 C for type 1 inclusions, with salinities of 2.4e13.3 wt.% NaCl
eq., and bulk densities of 0.858e1.022 g/cm3. The d34SCDT values of hydrothermal sulﬁdes are 4.3e10.6&
and d18O values of hydrothermal quartz have a median value of 13.0&. dD values of ﬂuid inclusions in
hydrothermal quartz have a median value of 75&. Calculated d18Owater has a median value of 5.2&. The
timing of gold mineralization at the Xincheng gold deposit is younger than 123  1 Ma, and likely be-
tween 120.9 and 119.9 Ma.
A minerals system genetic model for the probable epizonal orogenic Xincheng deposit suggests an
initial medium temperature, CO2-rich, and low salinity H2OeCO2 deeply sourced metamorphic ore ﬂuid
associated with dehydration and decarbonization of subducting Paleo-Paciﬁc lithosphere. The Jiaojia
Fault constrained the migration of ore-forming ﬂuids and metals at the brittleeductile transition. Fluid
immiscibility, caused by episodic pressure drops, led to signiﬁcant high-grade gold deposition in the
giant Xincheng gold deposit.
 2015, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).logical Processes and Mineral
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c-nd/4.0/).1. Introduction
The Jiaodong gold deposits are currently the most important
gold resources (with Au reserves of >4000 t) in China (Yang et al.,
2014a), the leading gold-producing country globally (with Auction and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
L. Yang et al. / Geoscience Frontiers 7 (2016) 419e430420production ofw428 t in 2013, data from the China Gold Association
website). Jiaodong is also considered as perhaps the only world-
class to giant gold accumulation on the planet where relatively
young gold ores (ca. 130e120 Ma; Goldfarb et al., 2014; Yang et al.,
2016a) were deposited in rocks that are billions of years older (ca.
2.9e1.9 Ga; Jahn et al., 2008; Deng et al., 2011), during an anoma-
lous lithospheric delamination event in which the Arche-
anePaleoproterozoic metamorphic basement of the North China
Blockwas intruded bymultiple pulses of Mesozoic granitic magmas
(Yang et al., 2016b). The Xincheng gold deposit is situated in the
northwestern part of the giant Jiaodong gold province, comprising
currently the most important gold resources (>4000 t Au) in China
(Yang et al., 2014a). Xincheng was discovered as a small gold de-
posit by drilling in 1971 by the No. 6 Geological Team of Shandong
Bureau of Geology and Mineral Resources, China. This reconnais-
sance survey, combinedwith detailed investigation and exploration
of the No. I orebody, was carried out from 1974 to 1987, and the
mine was put into operation in 1979. Detailed investigation and
exploration of the No. II orebody took place from 1988 to 1994. The
Xincheng gold deposit is currently the largest gold deposit in
Jiaodong, with a gold reserve of >200 t Au at a grade of 7.75 g/t Au,
and is hosted within the early Cretaceous granitoids (L. Wang et al.,
2014;Wang et al., 2014a, 2015; Yang et al., 2014b). A scientiﬁc study
of this gold deposit was designed to help deﬁne the mechanism of
formation of the Jiaodong gold deposits in general, and also help
target additional large tonnage gold ores in the extensive late
Mesozoic granitoids of the Jiaodong area (Goldfarb et al., 2014). This
paper summarizes the available geological and geochemical data,
including those recently obtained by us, and thereby clariﬁes the
nature and mechanism of formation of the Xincheng gold deposit
within a minerals system model.
2. Tectonic and metallogenic setting
2.1. Tectonic setting
The Jiaodong gold province is situated at the southeastern part
of the North China Craton (NCC). The NCC is different from most
cratons, which are characterized by a thick lithospheric rootFigure 1. Tectonic framework of the North China Craton (modiﬁed from Li et al.,(>200 km) and low crustal heat ﬂow, and lack internal magmatism
and tectonism since their formation in the Precambrian (Artemieva
and Mooney, 2001). In contrast, the NCC has been affected by
multiple orogenesis in the Phanerozoic, and is characterized by
multiple tectono-magmatic and metallogenic events during the
Mesozoic (Deng et al., 2006; Yang et al., 2015a,b).
The crustal growth and stabilization of the NCC occurred
during the Neoarchean, and the basement is dominated by
tonaliteetrondhjemiteegranodiorite (TTG) gneiss, amphibolite,
ultramaﬁc bodies, and banded iron formations (Zhao et al., 2001).
Subsequent Paleoproterozoic rifting, probably at 2.3e2.0 Ga, is
recorded by a series of bimodal volcanic and sedimentary rocks
(Zhai and Santosh, 2011; Tang et al., 2013). The NCC was ﬁnally
stabilized at ca 1.85 Ga, during collision between the Western and
Eastern Blocks, which are separated by the Trans-North China
Orogen (Fig. 1; Zhao et al., 2001, 2005). Multistage rifting events
occurred after the cratonization of the NCC, during the late
Paleoproterozoic to Neoproterozoic. From the Paleozoic to early
Mesozoic, the southern and northernmargins of the NCC have been
affected by multiple orogenesis (Chen et al., 2009; Dong et al.,
2011). Thrusting and crustal thickening, caused by the closure of
the Paleo-Asian Ocean, and continued convergence occurred on the
northern margin of the NCC during the late Permian to early
Jurassic (Xiao et al., 2003). Similarly, crustal thickening and conti-
nental subduction, caused by ocean closure and collision between
the Yangtze Craton and the NCC, occurred in the Triassic to Jurassic,
forming the QinlingeDabieeSulu Orogen (Dong et al., 2011), with
500e700 km sinistral slip across the Tan-Lu Fault (Fig. 1; Zhu et al.,
2010). While the Western Block has been relatively stable, the
Eastern Block has experienced extensional tectonic movements
associated with lithospheric thinning and de-cratonization during
the late Jurassic to early Cretaceous (Zhu et al., 2010), accompanied
by large-scale magmatic activity and gold mineralization (Deng
et al., 2014a, 2015).
2.2. Gold provinces of the North China Craton
Hundreds of lode gold deposits are distributed along the
eastern, southern, and northern margins of the NCC, including the2012; Groves and Santosh, 2015), showing the distribution of gold deposits.
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gold district (Fig. 1), which provide China’s major source of gold
production (Li and Santosh, 2014; Groves and Santosh, 2015).
The JiaoeLiaoeJi Belt, comprising the Jiaodong gold province,
Liaodong gold district and Jiapigou gold belt, is located on the
eastern margin of the NCC and distributed along the TaneLu Fault
(Fig. 1). The Jiaodong Peninsula, located in the southeast NCC, is the
most important gold province of China, with more than 150 gold
deposits within it having total proven gold resources of 4000 tons
(Fig. 2; Yang et al., 2014a). These gold deposits are structurally
controlled by regional NEeNNE detachment faults and are hosted
by Mesozoic granitoids, with gold formation at about 130e110 Ma
(Li et al., 2003; Yang et al., 2014c). Hydrothermal alteration is well
developed and mainly characterized by sulﬁdation, sericitization,
siliciﬁcation, K-feldspar alteration and carbonation. Gold occurs in
disseminated- and stockwork-style and auriferous quartz vein-
style ores (Deng et al., 2003a; Goldfarb and Santosh, 2014; Yang
et al., 2014a).
There are abundant gold deposits in the Liaodong Rift which
formed by extension and fracturing of the crust in the Paleo-
proterozoic. These gold deposits are structurally controlled by
contemporaneous faults and anticlinal folds, and are hosted in
greenschist-facies interlayered carbonates rocks and ﬁne-clastic
rocks. They formed in the metallogenetic epoch from the lndosi-
nian to Yanshanian. Ores are characterized by massive, dissemi-
nated, net-veined, brecciated and banded mineralization (Liu and
Ai, 2000; Yang, 2000; Lin et al., 2013).
The Jiapigou gold belt is located in the Jiapigou shear zone in the
northeastern wedge of the NCC, adjacent to a branch of the deep-
seated TaneLu Fault. Gold mineralization is controlled by dextral-Figure 2. Simpliﬁed geological map of the Jiaodong gold province showing the distribution
sedimentary rocks and gold deposits (after Yang et al., 2014a). Different size circles repre
respectively. The Jiaojia gold ﬁeld is situated at the northwestern part of the Jiaodong Penin
MupingeJimo Fault; MRF: MupingeRushan Fault; QXF: Qixia Fault; RCF: Rongcheng
WulianeQingdaoeYantai Fault; ZPF: Zhaoping Fault.reverse strike-slip faults in an arcuate fault belt. The basement of
the belt is Precambrian TTG rocks to the southwest and Paleo-
zoiceMesozoic granitoidegreenstone terranes to the northeast.
Auriferous quartz veins are the dominant ore type and are spatially
associated with widespread hydrothermal alteration (Miao et al.,
2005; Deng et al., 2009a, 2014b).
The XiaoqinlingeXiong’ershan region, the second largest gold-
producing district in China, with an indicated resource of 425 t
Au for the Xiaoqinling area and about 300 t Au for the Xiong’ershan
area, is located on the southern margin of the NCC, north of the
QinlingeDabie Orogenic Belt (Fig. 1; Mao et al., 2002; Zhou et al.,
2014; Li et al., 2015). Gold deposits in the Xiaoqinling area are
mostly hosted in Neoarchean amphibolite-facies metamorphic
rocks, with a few smaller deposits in theMesozoic plutons. They are
controlled by NW-trending brittle to brittle-ductile faults. The
orebodies consist of auriferous quartz veins and subordinate
disseminated ores in proximal alteration zones (Li et al., 2012). Gold
deposits in the central part of the Xiong’ershan area are mainly
hosted in Precambrian metamorphic rocks with subordinate de-
posits on the margin of Mesozoic plutons. Ore styles include
auriferous quartz veins, disseminated gold in altered rocks, and
Cretaceous gold-bearing volcanic breccia pipes (Mao et al., 2002).
The northern margin of the NCC is well endowed with non-
ferrous metals as well as gold. Two main gold districts, Daqinshan
and Yan-Liao, are deﬁned (Fig. 1). About 70% of the gold resource is
hosted in high-grade Archean and Paleoproterozoic metamorphic
rocks and the remainder in late Paleozoic to Mesozoic granitoids.
Gold mineralization is dominated by low-sulﬁde, gold-bearing
quartz veins, and minor disseminated gold in altered rocks and
tectonic breccias (Hart et al., 2002; Wang et al., 2012).of major fault zones, Precambrian metamorphic rocks, Mesozoic granitoid intrusions,
sent gold tonnages of the gold deposits (>100 t, 100e50 t, 50e20 t, 20e5 t, 5e1 t),
sula. HQF: HaiyangeQingdao Fault; HSF: HaiyangeShidao Fault; JJF: Jiaojia Fault; MJF:
Fault; SSDF: Sanshandao Fault; TCF: Taocun Fault; WHF: Weihai Fault; WQYF:
Figure 3. Simpliﬁed geological map of the Jiaojia Fault zone showing the distribution
of major structures and representative gold deposits (modiﬁed from Wang et al., 2015;
Wei et al., 2015).
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The Xincheng gold deposit is situated in the northwestern part
of the Jiaodong Peninsula, where it is underlain by two Precambrian
tectonic units, the Jiaobei Terrane in the northwest and the Sulu
Terrane in the southeast (Fig. 2). The Jiaobei Terrane comprises the
Jiaobei Uplift in the north and the Jiaolai Basin in the south. The
former has by far the largest gold endowment, including more than
90% of the proven gold resources (w3600 t Au; Yang et al., 2014a)
and the vast majority of world-class to giant gold deposits in the
Jiaodong gold province. It is dominated by Precambrian meta-
morphic basement and supracrustal rocks cut by Mesozoic in-
trusions (Fig. 2).
The Precambrian basement includes the Neoarchean Jiaodong
Group amphibolite and maﬁc granulite sequence, and Archean
(2.9e1.9 Ga) TTG gneisses (Tang et al., 2007, 2008; Jahn et al., 2008;
Geng et al., 2012), the Paleoproterozoic Fenzishan Group schist,
paragneiss, calc-silicate rocks, marble, and minor maﬁc granulite
and amphibolite (Dong et al., 2010; Li et al., 2013; Liu et al., 2013),
and the Neoproterozoic Penglai Group marble, slate and quartzite
(Faure et al., 2004).
The intrusions are of late Jurassic, middleeearly Cretaceous and
lateeearly Cretaceous age. The late Jurassic calc-alkaline granites,
dated at 165e150 Ma (Zhang et al., 2010; Ma et al., 2013), are
batholiths comprising biotite-monzogranite, monzodiorite, quartz-
diorite and granodiorite. The magma was derived from partially
melted Neoarchean lower crust with intrusions emplaced at a
depth of 25e30 km (Zen and Hammarstrom, 1984; Chen et al.,
1996). The middleeearly Cretaceous potassic calc-alkaline gran-
ites, dated at 132e123 Ma (Liu et al., 2014; L. Wang et al., 2014),
mainly include the Sanshandao, Shangzhuang, Beijie, Congjia and
Guojialing granites, varying from granite to granodiorite and
alkaline rock from west to east. The magma derived from both
delaminated eclogitic lower crust and upwelling asthenospheric
mantle (Hou et al., 2007) with intrusion depths of 5e13 km (Chen
et al., 1993; Lin and Yin, 1998). The lateeearly Cretaceous alkaline
granites and potassic maﬁc dikes are dated at 125e90 Ma (Guo
et al., 2005; Zhang and Zhang, 2007).
An E- to W-trending fold belt formed during Triassic collision
between the North China Craton and the South China Craton
(Zhang et al., 2007). NE- to NNE-trending faults control most of the
gold deposits and are thought to be secondary faults related to the
TaneLu Fault (Deng et al., 2008, 2009b, 2011; Yang et al., 2014b).
They are distributed at intervals of 35 km from west to east as the
Sanshandao, Jiaojia, Zhaoping and Qixia Faults (Deng et al., 2006).
NW-trending faults dip NE or SWat 60e80 and commonly cut the
NE- to NNE-trending faults (Deng et al., 1996, 2010).
4. Deposit geology
The Xincheng gold deposit (372504500e372700100N,
1200702800e1200805800E) is one of the largest gold deposits in
Jiaodong with a proven resource of >200 t Au, including 80.68 t Au
that has already been produced. It has been exploited since 1979 by
the Xincheng Gold Company, with an estimated annual production
of 5.37 t gold in 2013. The Xincheng gold deposit, occupying an area
of 3.91 km2, is located about 35 km northeast of Laizhou City in the
northwestern part of the Jiaobei Uplift, and near the northern ex-
tremity of the Jiaojia gold ﬁeld, which has proven gold resources of
>1200 t (Deng et al., 2015; Fig. 3). The granitoids, which account for
90% of the outcrop area, arewidely distributed in the Xincheng gold
deposit. The Xincheng granitoids, with a zircon LA-ICP-MS age of ca.
132e123 Ma (Liu et al., 2014; L. Wang et al., 2014), occur as a NE-
trending stock intruding the Linglong granitic pluton, and consist
of quartz monzonite andmonzogranite, which host the ore deposit.The greyish-green to charcoal-grey quartz monzonite, which con-
stitutes the central part of the pluton, has a medium- to ﬁne-
grained granular texture, whereas, towards its margins, grain size
progressively increases and the rock becomes a light ﬂesh-pink
medium- to coarse-grained and medium- to ﬁne-grained porphy-
ritic monzogranite (L. Wang et al., 2014). The diffuse boundary
between these varieties of monzonite to monzogranite (Fig. 3)
implies that they are coeval intrusions (Liu et al., 2014). Jiaodong
Group enclaves have diffuse boundaries with the quartz monzonite
in the hangingwall of the Jiaojia Fault. Thin NE-trending maﬁc to
felsic dikes, which are rare in the monzogranite, intrude the quartz
monzonite (Fig. 3).
The ore zones, comprising two mineralization styles, are struc-
turally controlled by the NE-trending and NW-dipping Jiaojia Fault
and subsidiary faults, and are mainly restricted to the granitoids in
the footwall of the fault (Figs. 3 and 4). The more common miner-
alization type, which contains the bulk of the gold resources,
comprises disseminated- and stockwork-style ores within altered
granitoids, and is characterized by strong sericitization, siliciﬁca-
tion, sulﬁdation and K-feldspar wallrock alteration halos, together
with minor carbonate alteration. Both ores and halos are controlled
by the structural heterogeneities in the Jiaojia Fault zone, and are
located in the principal displacement faults at divergent bends and
dilational jogs and/or subsidiary structures such as intersecting
faults (Fig. 4). Fault zones contain hydrothermal breccias and
cataclastic rocks, which comprise up to 50 m thick zones of K-
feldspar, quartz, and sericite with both disseminated pyrite and
pyriteequartz stockworks (Qiu et al., 2002), reﬂecting mostly
brittle failure and contemporaneous ﬂuid ﬂow. Another less-
common ore type comprises a series of en-echelon auriferous
quartzepyrite veins, that are controlled by the NE- and NNE-
trending subsidiary faults which cut the granitoids (Fig. 4).
Based on cross-cutting relationships and mineral paragenesis,
four mineralization stages are recognized in the Xincheng lode
systems (Fig. 5). These are pyriteequartzesericite (stage 1),
quartzepyrite (stage 2), quartzepolysulﬁde (stage 3) and quartz-
ecarbonate (stage 4). Multiple types of hydrothermal alteration are
recorded at Xincheng, including sericitization, siliciﬁcation,
Figure 4. Sketch map of the orebody and fault zone at the Xincheng gold deposit, showing the structural controls of the Jiaojia Fault on mineralization and hydrothermal alteration.
(a) Plan view of Xincheng; (b and c) schematic vertical cross-sections along lines b and c.
L. Yang et al. / Geoscience Frontiers 7 (2016) 419e430 423sulﬁdation, carbonation and K-feldspathization, which are largely
restricted to fault zones (Fig. 4). Sericitization is characterized by
the partial or complete replacement of plagioclase, K-feldspar or
biotite with ﬁne-grained sericite, and accompanied by ﬁne-grained
quartz and minor pyrite. Following sericiteequartz alteration,
abundant sulﬁde minerals were precipitated to form quartzepyrite
and quartzepolymetallic sulﬁdes veinlets, which are rarely cut by
carbonate (equartz) veinlets. These ﬁrst alteration types are asso-
ciated with the gold-forming event. K-feldspar fragments
commonly occur in quartzesericiteepyrite altered rocks, particu-
larly near the Jiaojia Fault. This suggests that K-feldspathizationwas
earlier than the hydrothermal events related to goldmineralization,
although some workers regard K-feldspar to be the alteration
mineral produced in stage 1 (Fan et al., 2003). In summary, the
alteration minerals related to stage 1 are sericite and quartz, those
related to stages 2 and 3 are chieﬂy quartz, with minor sericite, and
those associated with stage 4 are quartz and calcite. TheseFigure 5. Paragenesis of gangue and ore minerals at the Xincheng deposit. Line
thickness represents relative amount of the mineral.assemblages are broadly consistent with temperatures and pres-
sures of mineral formation during the hydrothermal alteration at
Xincheng of 225e400 C and 100e300 MPa, respectively (McCuaig
and Kerrich, 1998).
5. Nature of orebodies
The No. I and No. II orebodies, which comprise 98.6% of the
proven reserves in the Xincheng deposit, are located in the footwall
of the Jiaojia Fault and the secondary faults, respectively, as
described below (Fig. 4).
The No. I orebody, the largest orebody (reserves of about 185 t
Au), is characterized by disseminated- and stockwork-style ores
(Fig. 4). The orebody is about 200 m long, with a strike of 37 and
dip of 26e40 to the northwest. It ranges in thickness from 0.8 to
55 m (average 18.21 m), and extends down dip from the 30 m level
to below the 1000 m level, with a barren section between
the 250 to 450 m levels. The gold grade varies from 3.28 to
20.37 g/t Au with an average of 7.34 g/t Au.
The No. II orebody, with about 15 t gold, is mainly in the footwall
of the No. I orebody (Fig. 4). It is characterized by quartzepyrite and
quartzesulﬁde vein-style ores, and comprises a series of subpar-
allel veins ﬁlling subsidiary, NE- to NEE-trending faults. It forms S-
shape, stratiform-like lenses that strike 31 and dip 50e60NW,
ranging in thickness from 0.5 to 20 m with an average of 6.57 m.
The gold grade varies from 3 to 40 g/t Au with an average of 8.70 g/t
Au.
Microscope and SEM observations and EPMA results show that
gold occurs dominantly as electrum (Au, 37.02e77.33%; Ag,
22.36e59.00%), with lesser amounts of native gold (Au,
82.82e98.58%; Ag, 0.02e14.62%) and rare native silver and argen-
tite, normally associated with pyrite, chalcopyrite, galena and
sphalerite. The three types of visible gold are inclusions in sulﬁdes,
microveinlets in cracks in sulﬁdes and grains on the margins of
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L. Yang et al. / Geoscience Frontiers 7 (2016) 419e430424sulﬁde crystals, mainly pyrite and chalcopyrite. Electrum is domi-
nantly hosted as inclusions in, or fracture ﬁlling of, pyrite and
quartz. The distribution and grade of gold are controlled by frac-
tures in sulﬁdes and quartz associated with ductileebrittle
deformation.
The main ore components are gold and silver, with subordinate
copper and sulfur. Silver is the main byproduct, with proven re-
sources of w105 t, and grade of 1.28e19.56 g/t silver (average
3.74 g/t). Sulfur is the second most important byproduct, with
proven resources of 5100 t, and a grade of 0.10e2.85% sulfur
(average 1.13%, locally >2%). Copper has proven resources of 713 t,
and grade of 0.0006e0.032% copper (average 0.004%). The grades
of deleterious components are low (Pb ¼ 0.0068%, Zn ¼ 0.0051%,
As ¼ 2.73 g/t), and do not affect the separation of minerals and the
metallurgical operation.
6. Ore and ore-ﬂuid geochemistry
6.1. Fluid inclusion data
Previous ﬂuid inclusion studies showed that ore ﬂuids have
temperature-pressure PeT conditions of 170e330 C and
50e269 MPa (Hu et al., 2005, 2007; Yang et al., 2007, 2009; Cai
et al., 2011), H2OeCO2  CH4 ﬂuid chemistry, with low to moder-
ately salinity (1.2e13.6 wt.% NaCl eq.), for both the Jiaojia- and
Linglong-style gold deposits in Jiaodong (Fan et al., 2010).
Furthermore, Lu et al. (2011), L. Wang et al. (2014) and Wang et al.
(2014a,b) reported that gold-related CO2-rich and aqueous in-
clusions have similar homogenization temperatures in the Xin-
cheng gold deposit. Three types of ore-related ﬂuid inclusions have
been identiﬁed through a recent systemic petrography, micro-
thermometry, and Raman spectroscopy study (Wang et al., 2015).
Type 1 aqueousecarbonate (H2OeCO2) inclusions generally are
4e10 mm in diameter, and appear as clusters or along pseudose-
condary trails, with temperatures of total homogenization of
221e304 C (average 261 19 C; 1s; n ¼ 101) (Table 1; Fig. 6). The
CO2 volumetric proportion is 20e50% in both two- (liquid
H2O þ CO2-rich vapor) and three-phase (liquid H2O þ liquid
CO2þ CO2-rich vapor) inclusions. Type 2 aqueous inclusions (liquid
H2O þ vapor H2O) are normally small (2e7 mm), and exist in clus-
ters and along pseudosecondary trails, coexisting with type 1 in-
clusions. Homogenization of the liquid phase occurred between 171
and 264 C (average 224 22 C; 1s; n¼ 35) (Table 1; Fig. 6). Type 3
CO2 inclusions (liquid CO2 and vapor CO2) are generally small
(2e6 mm), and distributed within CO2eH2O inclusion clusters.
Calculated salinities in type 1 inclusions are 2.4e8.9 wt.% NaCl
eq., and 3.1e13.3 wt.% NaCl eq. for type 2 inclusions. Bulk densities
of type 1 inclusions vary from 0.858 to 1.022 g/cm3, and 0.681 to
0.751 g/cm3 for type 3 inclusions.
These results show that ﬂuid immiscibility played an important
role in gold mineralization at Xincheng. The pressure conditions of
this immiscibility are estimated to vary between 78 and 208 MPa
from isochore calculations at the trapping temperatures of
261  19 C (Fig. 7; Wang et al., 2015).
6.2. Isotope geochemistry
6.2.1. d34S isotope compositions of pyrite
Many sulfur, hydrogen, and oxygen isotope measurements have
been carried out on ore-related minerals in the Xincheng gold de-
posit (Zhang, 1985, 1989; Luo and Miao, 2002; Lu et al., 2011;
L. Wang et al., 2014; Wang et al., 2014a,b; Zhang et al., 2014;
Tables 2 and 3). The d34SCDT values of hydrothermal sulﬁdes have a
narrow range of 4.3e10.6& (n ¼ 79; Fig. 8a). The d34S values of
stage 1 pyrite are 6.5e10.6& (n ¼ 15); stage 2 pyrite, 5.7e10.6&
Figure 6. Temperatures (C) of total homogenization (Th,TOT) versus salinity (wt.% NaCl
eq.) for type 1 aqueousecarbonic and type 2 aqueous inclusions (data from Table 1).
Table 2
Sulfur isotope compositions for sulﬁdes from the four mineralization stages at the
Xincheng gold deposit.
Stage Mineral d34SCDT (&) References
1 Pyrite 9.8 Zhang et al., 2014
1 Pyrite 9.2 Zhang et al., 2014
1 Pyrite 9.9 Zhang et al., 2014
1 Pyrite 9.5 Zhang et al., 2014
1 Pyrite 10.5 Zhang et al., 2014
1 Pyrite 10.6 Zhang et al., 2014
1 Pyrite 10.5 Zhang et al., 2014
1 Pyrite 8.4 Zhang et al., 2014
1 Pyrite 9.9 Zhang et al., 2014
1 Pyrite 8.8 Zhang et al., 2014
1 Pyrite 8.7 Lu et al., 2011
1 Pyrite 6.5e8.4 (n ¼ 4) Wang, 2012
2 Pyrite 8.5 Zhang et al., 2014
2 Pyrite 8.3 Zhang et al., 2014
2 Pyrite 8.9 Zhang et al., 2014
2 Pyrite 9.1 Zhang et al., 2014
2 Pyrite 8.7 Zhang et al., 2014
2 Pyrite 9.7 Zhang et al., 2014
2 Pyrite 7.7 Zhang et al., 2014
2 Pyrite 8.3 Zhang et al., 2014
2 Pyrite 8.5 Lu et al., 2011
2 Pyrite 9.3 Lu et al., 2011
2 Pyrite 10.6 Lu et al., 2011
2 Pyrite 9.8 Lu et al., 2011
2 Pyrite 5.7e9.4 (n ¼ 8) Wang, 2012
3 Pyrite 8.2 Zhang et al., 2014
3 Pyrite 9.4 Zhang et al., 2014
3 Pyrite 7.6 Zhang et al., 2014
3 Sphalerite 7.9 Zhang et al., 2014
3 Galena 5.7 Zhang et al., 2014
3 Pyrite 8 Zhang et al., 2014
3 Pyrite 5.7 Zhang et al., 2014
3 Sphalerite 8.1 Zhang et al., 2014
3 Pyrite 7 Zhang et al., 2014
3 Galena 4.3 Zhang et al., 2014
3 Pyrite 6.7 Zhang et al., 2014
3 Chalcopyrite 5.8 Zhang et al., 2014
3 Pyrite 7.5 Zhang et al., 2014
3 Sphalerite 7.7 Zhang et al., 2014
3 Pyrite 6.9 Zhang et al., 2014
3 Pyrite 6.7e9.2 (n ¼ 13) Wang, 2012
unknown Pyrite 8.0e9.5 (n ¼ 3) Wang, 2012
unknown sulﬁde 9.5e10.5 (n ¼ 12) No. 6 Geological Team
of Shandong Bureau,
1:25000 gold
L. Yang et al. / Geoscience Frontiers 7 (2016) 419e430 425(n ¼ 20); stage 3 pyrite, 4.3e9.4& (n ¼ 28); and stage unknown
pyrite, 8.5e10.5& (n ¼ 16).
There is no obvious difference between d34S values of each stage,
indicating that they most likely came from the same source. All of
the d34S values are within the range of those from all the gold de-
posits in Jiaodong (Fig. 8b; Yang et al., 2014a and the references
therein) and also have similar ranges to the whole-rocks and sul-
ﬁdes from the Archean Jiaodong Group and Proterozoic Jingshan
Group, and magmatic pyrite from the Mesozoic Linglong and
Guojialing granitoid and intermediateebasic dikes (Fig. 8).
Considering that the d34S values are greater than zero, a mantle-
derived source can be excluded. Even though the average d34S
value for the Xincheng gold deposit approaches that of the Guo-
jialing granitoid, it is not possible to establish whether the ore-
forming ﬂuids had a magmatic or metamorphic source on the ba-
sis of the sulfur isotopes alone.
6.2.2. d18O and dD of quartz and ﬂuids
The d18O values of hydrothermal quartz [d18OSMOW (&)] range
from 8.0 to 16.7& (mainly 9.8e13.9&) with a median value ofFigure 7. Representative isochors calculated for H2OeCO2 inclusions and the solvus for
H2OeCO2 ﬂuids. Green box shows the PeT window calculated according to the 1s
standard deviation homogenization temperature range (after Wang et al., 2015).
mineralization
report, 1993
unknown pyrite 10.1 Lu et al., 199913.0&. The dD values of ﬂuid inclusions [dDSMOW (&)] in hydro-
thermal quartz range from 96 to 61&, with a median value
of 75& (Table 3). The quartz in the four stages is probably the
same, because of the similar median d18O values of hydrothermal
quartz for each stage (12.2&/ 13.9&/ 10.0&/ 10.7&). The dD
values of ﬂuid inclusions in the quartz range from 96& to 61&,
with nearly constant median values for each stage
(73&/ 79&/ 72&/ 86&). The almost constant d18O
and dD values indicate that the ore-forming ﬂuids may be from the
same continuous source. The calculated oxygen isotopic composi-
tions of hydrothermal waters [d18Owater (&)] have a wide range
from6.4 to 8.9& (Fig. 9), with the median values decreasing from
6.3&, to 5.4&, to 1.1&, and to 5.7& in stages 1e4, respectively
(Table 3). However, the decrease in the calculated d18O values with
decline in the estimated equilibrium temperatures (330, 260, 250
and 140 C for each stage) does not accord with the real trapping
Table 3
Hydrogen and oxygen isotope compositions for quartz and hydrothermal ﬂuids from
the four mineralization stages at the Xincheng gold deposit.
Stage Mineral dDSMOW (&) d18OSMOW (&) d18Owater (&) References
1 Quartz 76 12.9 7.0 Lu et al., 2011
1 Quartz 61 12.6 6.7 L. Wang et al., 2014;
Wang et al., 2014a,b
1 Quartz 69 11.7 5.8 L. Wang et al., 2014;
Wang et al., 2014a,b
1 Quartz 75 12.7 6.8 L. Wang et al., 2014;
Wang et al., 2014a,b
1 Quartz 72 11.1 5.2 Wang, 2012
1 Quartz 67 14.8 8.9 Wang, 2012
1 Quartz 82 10.3 4.4 Wang, 2012
1 Quartz 88 11.8 5.9 Wang, 2012
2 Quartz 91 13.5 5.0 Luo and Miao, 2002
2 Quartz 81 14.7 6.2 Zhang, 1989
2 Quartz 89 13.9 5.4 Zhang, 1989
2 Quartz 82 12.8 4.3 Lu et al., 2011
2 Quartz 68 13.3 4.8 L. Wang et al., 2014;
Wang et al., 2014a,b
2 Quartz 77 13.6 5.1 Wang, 2012
2 Quartz 87 13.9 5.4 Wang, 2012
2 Quartz 67 12.1 3.6 Wang, 2012
2 Quartz 73 14.4 5.9 Wang, 2012
2 Quartz 75 13.7 5.2 Wang, 2012
2 Quartz 69 15.3 6.8 Wang, 2012
2 Quartz 72 13.7 5.2 Wang, 2012
2 Quartz 70 16.7 8.2 Wang, 2012
2 Quartz 74 13.8 5.3 Wang, 2012
2 Quartz 93 14.4 5.9 Wang, 2012
2 Quartz 82 15.2 6.7 Wang, 2012
2 Quartz 86 13.9 5.4 Wang, 2012
2 Quartz 96 15.7 7.2 Wang, 2012
3 Quartz 70 11.4 2.5 Wang, 2012
3 Quartz 70 10.0 1.1 Wang, 2012
3 Quartz 72 13.0 4.1 Wang, 2012
3 Quartz 82 8.0 0.9 Wang, 2012
3 Quartz 70 10.9 2.0 Wang, 2012
3 Quartz 73 9.8 0.9 Wang, 2012
3 Quartz 95 8.7 0.2 Wang, 2012
4 Quartz 86 10.0 6.4 Wang, 2012
4 Quartz 87 11.4 5.0 Wang, 2012
Notes: d18Owater (&) is calculated by d18OSMOW (&) with the equation:
d18Owater ¼ d18OSMOW e 3.38  106 T2 þ3.40 (Clayton et al., 1972); equilibrium
temperatures of stages 1e4 are 330, 260, 250 and 140 C, respectively.
Figure 9. Calculated dD and d18O values of ore-forming ﬂuids in the Xincheng gold
deposit.
L. Yang et al. / Geoscience Frontiers 7 (2016) 419e430426temperatures, indicating it is not credible. Considering that isotopic
exchange occurred during watererock reactions associated with
large-scale hydrothermal alteration, the early-stage ﬂuids should
be closer to the primary ﬂuids (Guo et al., 2014). Thus, the mostFigure 8. (a) Histograms of d34S values of hydrothermal pyrites from different stages at th
mineralization stages at Xincheng and related major geologic bodies. The ranges of majorlikely true d18O and dD compositions of the primary ore-forming
ﬂuid in the Xincheng gold deposit are stage 1 data (shown by the
blue lines in Fig. 9).
Part of the data plot in the metamorphic water ﬁeld, and the
meteoric water and formation water can be easily dismissed ac-
cording to the entirely different d18O and dD compositions. How-
ever, many generations of ﬂuid inclusions (even post-
mineralization ﬂuid inclusions consisting of meteoric water) are
trapped in quartz grains, which probably leads to the lower dD
value calculated for the hydrothermal ﬂuids. Thus, the true d18O
and dD compositions should generally fall in the general ﬁelds of
metamorphic water and primary magmatic water. However, in
view of the low salinity (2.4e13.3 wt.% NaCl eq.) relative to the
normally high-salinity magmaticehydrothermal ﬂuids (Rusk et al.,
2008), ore-forming ﬂuids in Xincheng are considered most likely to
have had a metamorphic source.
6.3. Geochronology
Sericite/muscovite separates from ores and wallrock alteration
of the Xincheng deposit yield 40Ar/39Ar ages of 120.7  0.2 Ma to
120.2  0.3 Ma (Li et al., 2003). The RbeSr isochron age of six
pyrite-phyllic rock samples, from the main ores of the Xincheng
gold deposit, is 116.6  5.3 Ma with an initial 87Sr/86Sr value of
0.7113  0.0006 and MSWD of 1.3 (Yang et al., 2000). Recent LA-e Xincheng gold deposit; (b) comparison of sulfur isotopic compositions of the three
geologic bodies are from Yang et al. (2014a).
L. Yang et al. / Geoscience Frontiers 7 (2016) 419e430 427ICP-MS zircon UePb study of the ore-hosting granodiorites sug-
gests that they were emplaced at 123  1 to 132  1 Ma (Liu et al.,
2014; L. Wang et al., 2014).
The 40Ar/39Ar age of sericite and muscovite is considered a
relatively robust ore-formation age, because the grains are inti-
mately associated with gold in the ores (Li et al., 2003). The LA-ICP-
MS zircon UePb age of the ore-hosting granodiorites deﬁnes the
earliest possible age of hydrothermal activity as they are the host to
gold mineralization. Thus, the timing of gold mineralization at the
Xincheng gold deposit is later than 123  1 Ma, and is likely to be
between 120.9 and 119.9 Ma.
7. A minerals system model
Much research has been conducted to deﬁne a minerals system
model for the Jiaodong gold deposits, including Xincheng (Yang
et al., 2007; Goldfarb and Santosh, 2014). Some workers have
emphasized the importance of metamorphic ﬂuids in ore formation
(Yang et al., 2014a; Wang et al., 2015). Others have focused on the
combination of meteoric and/or magmatic ﬂuids during the
mineralization process (Deng et al., 2003b; Fan et al., 2007; Mao
et al., 2008). For example, Lu et al. (2011) reported that the ore
ﬂuids at the Xincheng gold deposit were low to moderate salinity
(0.8e9.4 wt.% NaCl eq.), CO2eH2OeNaCl ﬂuids, with a wide tem-
perature range (147e380 C). Combined with DeOeS isotope data,
the ore ﬂuids were interpreted to be originally magmatic ﬂuids
which mixed with meteoric water with ﬂuid immiscibility possibly
leading to gold precipitation (Lu et al., 2011). In contrast, L. Wang et
al. (2014) andWang et al. (2014a,b) indicated that the H2OeCO2 ore
ﬂuids are characterized by low salinity (2.1e10.2 wt.% NaCl eq.) and
low density (0.54e0.97 g/cm3) ﬂuids, with limited temperature
(260e300 C) and pressure ranges (65e113 MPa). The dDwater and
d18O values, ranging from 75.1 to 61.4& and 4.8 to 6.4&,
respectively, are best interpreted to indicate that the ore ﬂuids of
the Xincheng deposit are mainly from a deep metamorphic source
(L. Wang et al., 2014; Wang et al., 2014a,b). Recent research shows
that the initial ore-forming ﬂuids belong to a medium temperature,
CO2-rich, and low salinity H2OeCO2 homogeneous system. Gold
was most probably transported as a AuðHSÞ2 complex in the hy-
drothermal solution that formed the orebody at Xincheng. Fluid
immiscibility, due to unmixing from a single homogeneous
H2OeCO2 parent ﬂuid at PeT conditions of 221e304 C and
78e208MPa, is interpreted to have caused signiﬁcant H2S loss fromFigure 10. AuðHSÞ2 solubility contours (dashed lines) as a function of temperature
and H2S content assuming an ore ﬂuid with CO2/CH4 ¼ 10, pH ¼ 5.5 and P ¼ 200 MPa,
which approximates the physicochemical conditions of the hydrothermal systems
responsible for deposition of the Xincheng deposit. Green box indicates the TeaH2S
conditions during gold mineralization at Xincheng. Vertical arrow marks a hypothet-
ical ﬂuid evolution path for the temperatures of ore ﬂuids decreasing at constant ﬂuid
composition. Oblique arrow illustrates the w10-fold decrease in AuðHSÞ2 solubility
that likely occurred during a moderate temperature and H2S decrease in response to
ﬂuid immiscibility (after Mikucki, 1998).the hydrothermal solution, thereby reducing AuðHSÞ2 solubility
with concomitant deposition of gold (Fig. 10; Wang et al., 2015).
The interpretation that a mantle-derived ﬂuid is associated with
the gold mineralization has commonly been supported by Ar and
He isotope ratios for ﬂuids extracted from inclusions in ore-bearing
quartz veins (Zhang et al., 2002, 2008; Mao et al., 2008). However,
these data only indicate the possible source of the Ar and He, but
not the source of the major ore-forming ﬂuids and the metals. The
positive sulfur isotope values (Fig. 8) are also inconsistent with a
mantle source for the sulfur. Similarly, the conclusion of meteoric
water involvement is based on DeO isotopic data from the bulk
extraction of ﬂuid inclusions from quartz in the ores. As described
above, such measurements are not deﬁnitive because the quartz
contains both ore-related and post-mineralization ﬂuid inclusions,
and the low d18O values are due to a combination of isotopic ex-
change that occurred during watererock reactions and underesti-
mation of the real trapping temperatures.
Even though some orogenic gold deposits are interpreted to
form as a result of a combination of metamorphic processes and
magmatic inputs (Yardley and Cleverley, 2014), the low salinity
(<13.3 wt.% NaCl eq.) ﬂuid at Xincheng differs from normal high-
salinity magmaticehydrothermal ﬂuids (Rusk et al., 2008).
Furthermore, the alteration zoning and mineral composition in
Xincheng are different from the gold deposit related to the
magmatic hydrothermal solution. Thus, ore-forming ﬂuids that
formed the Xincheng gold deposit probably had a metamorphic
source. The ore-forming ﬂuids cannot be derived from the Neo-
archean Jiaodong Group metamorphic rocks, because the gold
event occurred about 2 Ga later than regional high-grade meta-
morphism. Combinedwith the geological and geochemical features
described above, the most plausible likely ﬂuid and metal reser-
voirs are those associated with the subducting Paleo-Paciﬁc ocean
slab (Goldfarb and Santosh, 2014).
As a result, it is possible to build a preferred minerals system
model for the Xincheng deposit (Fig. 11). The initial ore-forming
ﬂuid is interpreted to have been a medium temperature, CO2-
rich, and low salinity H2OeCO2, deeply source metamorphic ﬂuid,
associated with the dehydration and decarbonization of the sub-
ducting Paleo-Paciﬁc oceanic lithosphere and overlying oceanic
sediment wedge. The brittleeductile Jiaojia Fault constrained the
advection of ore-forming ﬂuids and metals. Fluid immiscibility,
caused by episodic pressure drops, led to signiﬁcant high-grade
native gold deposition in the presence of limited sulﬁde deposi-
tion in the world-class Xincheng gold deposit.
However, our study of the texture and geochemistry of pyrite,
combined with mesoscopic and microscopic observations at Xin-
cheng, illustrated some signiﬁcant differences from most orogenic
gold deposits (Yang et al., 2016a). These include (1) the lowFigure 11. Suggested mineral system model for the Xincheng gold deposit.
L. Yang et al. / Geoscience Frontiers 7 (2016) 419e430428concentrations of invisible gold in the relatively As-poor pyrite
lattice compared to normally higher gold content in more As-rich
pyrite in many orogenic gold deposits; (2) the pyrites contain
about 20e100 times more Ag than Au, and the electrum has high
Ag/Au ratios (0.3e1.6), which contrasts with most orogenic gold
deposits, where the gold normally has less than 10% Ag (Groves
et al., 1998; Goldfarb et al., 2005); (3) the appearance of galena
and tellurobismuthite, indicating a relatively low ore-forming
temperature; and (4) the dominantly brittle deformation textures
in pyrite. Thus, the Xincheng deposit is interpreted to be an epi-
zonal orogenic gold deposit in the sense of Groves et al. (1998) that
formed at a relatively high crustal level from an advecting meta-
morphic ﬂuid from a deep subcrustal source.
8. Summary
The Xincheng world-class gold deposit is located in the north-
western part of the giant Jiaodong gold province, in the southeast
North China Craton. The ca.120Ma goldmineralization at Xincheng
is likely to have been associated with regional lithosphere thinning,
de-cratonization and large-scale magmatic activity during the late
Jurassic to early Cretaceous. It is structurally controlled by the NE-
trending and NW-dipping Jiaojia Fault and subsidiary faults, and
hosted by ca. 132e123 Ma Xincheng quartz monzonites and mon-
zogranites in the footwall of the fault. Gold occurrences are asso-
ciated with sulﬁdes, mainly pyrite, and form mainly disseminated-
and stockwork-style ores in hydrothermal wallrock alteration
halos.
A preferred minerals system model for the Xincheng deposit
suggests an initial medium temperature, CO2-rich, and low salinity
H2OeCO2 deeply sourced metamorphic ore ﬂuid associated with
dehydration and decarbonization of subducting Paleo-Paciﬁc
oceanic lithosphere and overlying sulﬁdic sedimentary wedge.
The Jiaojia Fault constrained the advection of ore-forming ﬂuids
and metals from deep crustal levels to higher levels at the brittle
ductile transition. Fluid immiscibility, caused by episodic pressure
drops, led to signiﬁcant high-grade gold deposition in the world-
class Xincheng gold deposit. Signiﬁcant gold was deposited in
dilational zones in faults, where episodic pressure drop and sub-
sequent ﬂuid immiscibility were enhanced to produce this epizonal
orogenic gold deposit. Such fault jogs provide high-quality targets
for additional large-tonnage gold ores hosted in late Mesozoic
granitoids, both in the vicinity of Xincheng and in the giant
orogenic gold province of the Jiaodong Peninsula generally.
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